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Driving Fundamental Questions in e+A

• What is the fundamental quark-gluon 
structure of light and heavy nuclei? 

• Can we experimentally find and explore a 
novel universal regime of strongly correlated 
QCD dynamics?  

• What is the role of saturated strong gluon 
fields, and what are the degrees of freedom 
in this strongly interacting regime? 

• Can the nuclear color filter provide novel 
insight into propagation, attenuation and 
hadronization of colored probes.
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Nucleus 
serves as:
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Large Q2, large ν

Nucleus as Analyzer: 
• Hadronization (Color Neutralization) 
• E-loss (Color Propagation) 
• Color Transparency 
• pT-Broadening (Fluctuations) 
• Jets
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Large Q2, large ν

Nucleus as Analyzer: 
• Hadronization (Color Neutralization) 
• E-loss (Color Propagation) 
• Color Transparency 
• pT-Broadening (Fluctuations) 
• Jets

             Q 2
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• Color Transparency 
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Large Q2, large ν

Low-x

Terra Incognita: 
• Gluon Saturation/Strong 

Color Fields 
• Strongly correlated non-

linear QCD 
• What is the right effective 

theory (CGC, …)?
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Large Q2, large ν

Low-x

• reach to lower-x ⇒ get into 
the region where gluons and 
sea quarks dominate 

• large Q2 reach and lever arm 
for all x
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• ENC@GSI and EIC@HIAF 
‣ time line uncertain (> 2020) 
‣ do not extend kin. range
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‣ realization unclear (> 2030) 
‣ unprecedented kin. reach
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Low-x ✓



• EIC 
‣ Realization in our grasp 
‣ Energy reach gives 

access to new regime 
‣ High luminosity
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EIC Realization (e+A) - Basic Design
• eRHIC (BNL) 
‣ Add ERL+FFAG Recirculating 

e Rings to RHIC facility 
‣ Electrons 6.3-15.9 & 21.2 GeV   
‣ Ions (Au) up to 100 GeV/u 
‣ √s ≈ 20 - 93 GeV 
‣ L ≈ 1.7×1033 cm-2 s-1/A at 
√s=80 GeV 

• MEIC (JLab) 
‣ Figure-8 Ring-Ring Collider, 

use of CEBAF 
‣ Electrons 3-12 GeV 
‣ Ions 12-40 GeV/u 
‣ √s ≈ 11-45 GeV 
‣ L ≈ 2.4×1034 cm-2 s-1/A at 
√s=22 GeV
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Warm large booster 
(3 to 25 GeV/c) 

Warm electron collider 
ring (3-12 GeV)  Medium-energy IPs with 

horizontal beam crossing 

Injector 

12 GeV CEBAF 

Pre-booster 
SRF linac 

Ion 
source 

Cold ion collider 
ring (25 -100 GeV) 

Three Figure-8 rings  
stacked vertically 

eRHIC: arXiv:1409.1633, MEIC: arXiv:1209.0757



Exploring QCD at Large Q2, ν
Color propagation and neutralization  

• Fundamental QCD Processes: 
‣ Partonic elastic scattering 
‣ Gluon bremsstrahlung in vacuum and in medium (E-loss) 
‣ Color neutralization 
‣ Hadron formation

6

• Nuclei as space-time analyzer 
‣ high Q2 and ν (→ large x): 

๏ Energy of struck quark (the 
probe) is known  

๏ No initial-state interactions 
๏ No color spectators (as in pA) 
๏ Hadronization in and out of 

medium can be varied (ν)

!⎧
⎨ 
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dynamic confinement



Color Propagation in Nuclei
• Partonic energy loss in pQCD (e.g. BDMPS*) 

exhibits a critical system length Lc below which 
energy loss is independent of the parton energy

7

¨(

LLc (c

)L[HG�(
¨(

(q

Fixed L ⇠ L2q̂

⇠ L
p

q̂E

Ec / L2q̂

Lc /
q

Eq/q̂

• Observables/Tools 
‣Multiplicity Ratio: Rh =

1
NA

e (Q2,⌫)N
A
h (Q2, ⌫, z, pT )

1
ND

e (Q2,⌫)N
A
D(Q2, ⌫, z, pT )

zh =
Eh

⌫

EIC access to quadratic region -  Extract and study q̂

L > Lc : �E / L
p
Eq̂

*Baier et al., NP B483 (1997) 291

L < Lc : �E / L2q̂

⇠ L2q̂

⇠ L
p

q̂E



0.30

0.50

0.70

0.90

1.10

1.30

1.50

z

Ra
tio

 o
f p

ar
tic

les
 p

ro
du

ce
d 

in 
lea

d 
ov

er
 p

ro
to

n

D0 mesons (lower energy)
Pions (lower energy)
D0 mesons (higher energy)
Pions (higher energy)
Wang, pions (lower energy)
Wang, pions (higher energy)
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Multiplicity Ratios: Semi-Inclusive Studies
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HERMES: ν = 2-25 GeV 
EIC: 10 < ν < 1600 GeV 
EIC: heavy flavor!

Large difference in 
fragmentation 
function (FF) of D 
and π 

Lines/Points: different models

• Slope of D’s sensitive to q and FF 
• Strong Sensitivity of Shape on ν is 

powerful tool
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Gluon Distribution from Jets at EIC
Jets: window to partons, DIS is a clean environment 

• Color propagation in cold medium, gluon distribution from 2+1-
jet, modification of jet fragmentation, …
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Jets in DIS

“2+1 jets” becomes more interesting
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Main formula:
d2σ2+1

dxpdQ2
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a g(xp, Q
2) + b q(xp, Q

2)
]

Technique:

1. a and bq: matrix elements & quark piece from Monte Carlo

2. xp = x
(

1 + ŝ
Q2

)

3. Extract the gluon distrib: gextr. =
1

aMC
(σmeas. − bMCq)

Grégory Soyez EIC meeting, Berkeley, USA, Decembre 2008 gluons from jets in EIC – p. 5/15

“2+1” jets  
most interesting

Cross-Section:

Jets in DIS

“2+1 jets” becomes more interesting
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Grégory Soyez EIC meeting, Berkeley, USA, Decembre 2008 gluons from jets in EIC – p. 5/15

• Technique 
‣ a and b: matrix elements from pQCD (use MC due to cuts) 
‣ xp = x (1 + ŝ/Q2),   ŝ is inv. mass of dijet system 
‣ Extract gluon distr. via: g =(σmeas. - b q)/a



Gluon Distribution from Jets at EIC
Preliminary simulations:  

• Outgoing electron energy: E’min, minimal jet pT : pT,min 
• Azimuthal separation between the 2 jets: ∆φ > π − ε (in the Breit 

frame — ensures that the 2 jets come from the hard scattering) 
• Clustering: kT algorithm with R=1 (large but OK in DIS)
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Gluon-initiated dijet events (LEPTO), stat. errors for ∫Ldt = 1 fb-1/A

Gregory Soyez, EIC Note (2008) More detailed studies under way
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Take Away Message: Large Q2, ν
• EIC provides new capabilities to open a new QCD frontier: 

access to study color propagation, neutralization, and 
fluctuations (ΔpT2) 

• EIC can shed light on the hadronization process and on what 
governs the transition from patrons to hadrons  

• It offers an unprecedented ν reach and, for the first time, 
allows the study of heavy flavor propagation and correlations 
in nuclear matter. 

• EIC allows jet studies at x > 0.01 which open an alternative 
door into fragmentation and E-loss studies, as well as a 
measurement of the gluon momentum distribution. 

• Many other interesting studies not discussed here (EMC, …)
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EIC: Structure Functions (Inclusive DIS)
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EIC: Structure Functions (Inclusive DIS)
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Structure Functions (Inclusive DIS)
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Dihadron Correlations

14

“Simple” measurement 
 giving access to multi-parton  
 correlations

beam-view

π

pTtrigger

pTassoc

Q2 q

}q

Hƍ
e

A

jet-1

jet-2

Predictions: 
Pronounced saturation effect
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15 GeV x 100 GeV, y=0.72=1 GeV2Q

suppression  
increasing with A

Dominguez et al. PRD83, 105005 (2011), 
PRL 106, 022301 (2011)

Dihadrons:  
Less restrictive acceptance and 
cuts than for 2+1 dijet analysis



Dihadron Correlations
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“Simple” measurement 
 giving access to multi-parton  
 correlations

beam-view

π

pTtrigger

pTassoc

Predictions: 
Pronounced saturation effect

 (rad)φΔ
2 2.5 3 3.5 4 4.5

)φ
Δ

C(

0

0.05

0.1

0.15

0.2

0.25

ep

eCa

eAu

15 GeV x 100 GeV, y=0.72=1 GeV2Q

suppression  
increasing with A

 (rad)φΔ
2 2.5 3 3.5 4 4.5

)φ
Δ

C(

0

0.1

0.2

0.3

0.4 >2 GeV/ctrig
Tp

trig
T<passoc

T1 GeV/c <p
<0.4assoc

h, ztrig
h0.2<z

4/c2<2 GeV21<Q
0.6<y<0.8

15 GeV on 100 GeV

e+Au - no-sat

eAu - sat

Zheng et al., PRD89 (2014) 074037Dominguez et al. PRD83, 105005 (2011), 
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Dihadron Correlations

14

“Simple” measurement 
 giving access to multi-parton  
 correlations

beam-view

π

pTtrigger

pTassoc

 (rad)φΔ
2 2.5 3 3.5 4 4.5

)φ
Δ

C(

0

0.1

0.2

0.3

0.4 >2 GeV/ctrig
Tp

trig
T<passoc

T1 GeV/c <p
<0.4assoc

h, ztrig
h0.2<z

4/c2<2 GeV21<Q
0.6<y<0.8

15 GeV on 100 GeV

e+Au - no-sat

eAu - sat

Simulations (no-sat): 
Pythia+DPMJet+Fluka
+EPS09+E-loss 
!
Include Sudakov form factor to 
account for generated 
radiation through parton 
showers. Reduced difference 
between sat and no-sat. 
Includes sys+stat errors.

Zheng et al., PRD89 (2014) 074037
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Clear saturation/CGC 
signatures with access to 

the relevant kinematic 
variables x, Q2



Key Measurements - Diffraction

15

Diffractive physics will be a major component of the e+A 
program at an EIC

p/A stays intact
coherent incoherent

p/A breaks up

e

W2

t

X  (MX)

q

or 

γ*(Q2)

β

Largest rapidity 
gap in event

breakup of A

e′

P′,p′
p,	
�
    P

xIP

⎫
⎪
⎬
⎪
⎭

Y  (MY)
⎫
⎪
⎬
⎪
⎭

• High sensitivity to gluon 
density:  σ~[g(x,Q2)]2 due to 
color-neutral exchange 

• Only known process where 
spatial gluon distributions can 
be extracted

t: momentum transfer  
 squared 
MX: mass of diffractive 
 final-state

HERA: σdiff/σtot ~ 15%
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Diffractive physics will be a major component of the e+A 
program at an EIC
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coherent incoherent
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q

or 

γ*(Q2)

β
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gap in event
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Y  (MY)
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⎪
⎬
⎪
⎭ t: momentum transfer  

 squared 
MX: mass of diffractive 
 final-state

How to identify diffractive events? 
• Rapidity Gap 
‣Requires hermetic detector 

• Coherent vs. Incoherent Diffraction 
‣ n be detected using emitted n and γ 

(ZDC), spectator tagging (Roman Pots) 
⇒  Simulations shows it works 



Diffractive over Total Cross-Section
• Predicted to be enhanced in eA compared to ep at large β, 

i.e. small MX2 (β ~ Q2(Q2+MX2))

16
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0 0.2 0.4 0.6 0.8 1
β
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 / 

A
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Ca, thick: ipsat thin: bCGC
Sn, thick: ipsat, thin: bCGC
Au, thick: ipsat, thin: bCGC

FIG. 7: The ratio FD
2A/(AFD

2p) as a function of β for Ca, Sn
and Au nuclei for Q2 = 5 GeV2 and xP = 10−3. Results are
for the “non breakup” case in the IPsat model (thick lines)
and the bCGC model (thin lines).

All parameters of the model come from either fits of the
model to ep-data or from the Woods-Saxon distribution;
no additional parameters are introduced for eA collisions.

The Glauber form (24) has a straightforward in-
terpretation as the dipole scattering independently off
the different nucleons. To see this explicitly denote
dσdip

d2bT
(rT ,bT ) = 2(1 − S(rT ,bT )), where the S-matrix

element S(rT ,bT ) is the amplitude for the dipole to
not interact (elastically; the relation to the inclusive
cross section is via the optical theorem) with the tar-
get. The S-matrix element for scattering off a nucleus
is then given by SA(rT ,bT ) =

∏A
i=1 Sp(rT ,bT − bT i)

which, for the IPsat model, turns out to be equivalent
to Tp(bT ) →

∑A
i=1 Tp(bT − bT i). Note that in the form

(24) there is no leading twist shadowing, i.e. in the large
Q2 or small r limit σA

dip → Aσp
dip, because in this limit

σp
dip ∼ r2 is small and one can expand the exponential.

The situation for the bCGC model is much more com-
plicated, since the replacement Tp(bT ) →

∑A
i=1 Tp(bT −

bT i) into the definition of the bCGC saturation scale
(6) does not lead to the Glauber form (24). One could
see this as a consequence of the “noncommutativity” of
nuclear effects and high energy evolution: even if one as-
sumes that for a particular x and rT a dipole interacts
independently with the nucleons in a nucleus, this will
not necessarily be the case for other rapidities and dipole
sizes because the evolution sums up nonlinear interac-
tions between the nucleons. Since it is not completely
obvious how to introduce a nuclear dependence directly
into the bCGC parametrization for the dipole cross sec-
tion we will in this work use (24) for the bCGC model as
well. A comparison of high energy evolution for protons
and nuclei would be out of the scope of this work, see
however Refs. [61, 62].

In Ref. [19], we showed that the nuclear dipole cross-
sections obtained in this manner gave a good (parameter

1 10 100
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L, β = 0.9, breakup
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L, β = 0.9, non breakup
L, β = 0.9, breakup

FIG. 8: The ratios FD
2A

x
/(AFD

2p
x
) at xP = 10−3 for different

components of the diffractive structure function plotted as a
function of Q2. The components are evaluated where they
are dominant: at β = 0.1 for qq̄g, β = 0.5 for T and β = 0.9
for L. Results are in the IPsat model for both “breakup” and
“no breakup” cases. (a) Ca nuclei, (b) Au nuclei.

free) agreement with the x and Q2 dependence of the
NMC inclusive structure function data [63, 64] at small
x. However, at the level of the accuracy of the data, it
was not possible to distinguish between the IPsat and
b-CGC models for the inclusive cross-section. We will
now consider nuclear diffractive (qq̄ and qq̄g) structure
functions in the two dipole models. This is obtained by
substituting the nuclear dipole cross-section (Eq. (24)) in
Eqs. (7), (11) and (13).

It is very easy to break up a nucleus with a rela-
tively small momentum transfer |t| ! |tAmin|. However,
for |tAmin| " |t| " |tpmin|, where tpmin is the minimum mo-
mentum transfer required to break up the proton, one
can still have a nuclear diffractive event with a rapid-
ity gap. For |t| ! |tAmin|, the “lumpiness” of the nu-
cleus shows up as a proton-like tail ∼ exp{CtR2

p)} of
the t-distribution. In our formalism, if one requires that
the nucleus stays completely intact, the average ⟨·⟩N in
Eq. (22) must be performed at the amplitude level; the

Kowalski et al. Phys.Rev. C78 (2008) 045201

Q2=5 GeV2, xIP = 10-3

‣ β = momentum fraction of the struck 
parton with respect to the Pomeron

• Large β: small Fock states 
(qq) scattering off the 
nucleus 
‣ absorbed in nuclei 

• Small β: large Fock states 
with one or more gluons 
scattering  
‣ enhanced (scatter off)

¯



Diffractive over Total Cross-Section
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!
Day-1 measurements 
that will give clear 
evidence for saturation 
!
Mx2 (β) dependency 
needs to be measured
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EIC: 15x100 GeV 
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Dramatic prediction:  
Saturation models: ~25% 
or more of all events are 
diffractive. 
Not seen in Leading Twist 
Shadowing pQCD models 



Exclusive Diffractive Vector Meson Production
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• Allows to measure momentum transfer t in eA 
‣ in general, one cannot detect the outgoing nucleus and its 

momentum 
‣ here: 

Dipole Radius 

qqı

dilute
linear-
regime

saturation
non-linear-regime

Q2
s ¾

1
r 2

Dipole Cross-Section:

J/ψ
ϕ

a* V = J/s� q� l� arA

AvA
t

q

}q

• small size (J/Ψ): cuts off saturation region 
• large size (φ,ρ, ...): “sees more of dipole amplitude” 
→ more sensitive to saturation

t = (pA � pA0)2 = (pVM + pe0 � pe)
2

⇡ (pe
0

T + pVM
T )2
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momentum 
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• small size (J/Ψ): cuts off saturation region 
• large size (φ,ρ, ...): “sees more of dipole amplitude” 
→ more sensitive to saturation

non-sat 
dipole model

t = (pA � pA0)2 = (pVM + pe0 � pe)
2

⇡ (pe
0

T + pVM
T )2
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Exclusive Vector Meson Production
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• Sartre event generator (bSat & bNonSat = linearized bSat) 
• As expected: big difference for φ less so for J/ψ	



• Note: A4/3 scaling strictly only valid at large Q2 

• Day-1 measurements that will give clear evidence for saturation



Spatial Gluon Distribution from dσ/dt
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Diffractive vector meson production: e + Au → eʹ′ + Auʹ′ + J/ψ, φ, ρ

• Momentum transfer t = |pAu-pAuʹ′|2 conjugate to bT 
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Diffractive vector meson production: e + Au → eʹ′ + Auʹ′ + J/ψ, φ, ρ
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• Momentum transfer t = |pAu-pAuʹ′|2 conjugate to bT 
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Diffractive vector meson production: e + Au → eʹ′ + Auʹ′ + J/ψ, φ, ρ

~

t =  Δ2/(1-x) ≈ Δ2
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Diffractive vector meson production: e + Au → eʹ′ + Auʹ′ + J/ψ, φ, ρ

~

t =  Δ2/(1-x) ≈ Δ2
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• Momentum transfer t = |pAu-pAuʹ′|2 conjugate to bT 

• Converges to input F(b) rapidly: |t| < 0.1 almost enough 
• Fourier transformation requires ∫Ldt >  1 fb-1/A



Take Away Message: Small-x

• We identified key measurements that will allow to 
unambiguously establish and study with precision a novel 
strongly correlated regime of QCD 

• The EIC will allow to study the spatial and momentum 
distributions of gluons and sea quarks in light an heavy nuclei 

• Diffractive events play a vital role in the e+A Program due to 
its sensitivity to the gluon distributions. They allow us to study 
distributions and correlation in a fully intact system while no 
net color is exchanged with the probe.
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Complementary of e+A and p+A
• e+A: high precision & access to partonic kinematics (Q2, x, ν) 

• p+A: probe glue directly, higher cross-sections 
• Flood of interesting features of p+A 
‣ initial state effects, cold matter energy loss 
‣ ridge, flow coefficients vn, 2/3-particle correlations, … 

• Same physics is accessible in e+A 
‣ photoproduction (Q2≈0), tagging of high Nch events 
‣ ridge, vn, 2/3-particle correlations? 

• e+A will provide crucial input for A+A not provided by p+A 
‣ e.g. initial state (spatial and momentum distribution of glue)

22
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Summary
The e+A program at an EIC is unprecedented, allowing the 
study of  matter in a new regime where physics is not described 
by “ordinary”  QCD. New capabilities open a new QCD frontier 
to access color propagation, neutralization, and fluctuations 
!
• We identified and studied key measurements whose ability to 

extract novel physics is beyond question
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Realizing this exciting program in high-energy 
QCD demands an Electron-Ion Collider!


